We study structure of a homopolymer, which beads can form pairwise reversible bonds. If a large number of reversible bonds is formed, chain folds into a long-living structure, similar to metastable crumpled globule. For such structure we observe anomalously fast diffusion on a long time-scale, in agreement with experimental data in chromatin. Moreover, behavior of the contact probability and spatial distance between beads is very similar to the observed dependencies from Hi-C and FISH experiments in different organisms. We suggest a new universal model of large-scale chromatin structure with one free parameter -fraction of formed reversible bonds.
INTRODUCTION
Since the invention of Hi-C technique [1] much research was done to characterize spatial chromatin structure by the probability of finding two loci spatially close to each other, depending on the genomic distance between the loci, P (s). It was revealed, that chromatin is packed hierarchically: on a scale of several thousands base pairs domain-like structures are formed, they called topologically-associated domains (TADs) [2] . In most species on a larger scale TADs form compartments, which segregate into active and inactive parts [2] [3] [4] . Moreover, P (s) dependencies appeared to be significantly distinct for different species and different cell types [1, [4] [5] [6] [7] (Supplementary Fig. S11 ), indicating different spatial organization of chromatin.
Structure of a single topologically-associated domain (TAD) [2] in mammals is successfully described by loopextrusion model [8] , and there is evidence of fractal globule model applicability for chromatin structure description on submegabase scale [1, 2, 9, 10] . However, there are deviations from fractal globule model predictions on the scale ≈ 10 Mbp and larger [2, 7] . Moreover, unexplained transition from fractal globule dynamics to fast anomalous subdiffusion on a long time-scale is observed in mammals [11] [12] [13] . It is also a challenge to obtain a long-living fractal globule state: collapse of a chain, induced by the artificial gravitation-like potential [14] seems unrealistic, crumpled-globule state [15] , formed during collapse of a long chain in poor solvent, quickly transforms into globular state [16] , and fractal globule state, observed in SBS model [7] , exists in a narrow range of binder concentrations, and is, therefore, unstable to fluctuations. Attempts to describe large-scale chromatin structure were described in the work on the block copolymer models with different types of interactions [7, 17, 18] ; however, dynamical behavior of the aforementioned models remains obscure. Therefore, the problem of large-scale chromatin structure description remains unsolved.
In this work we studied collapse of a long homopolymer chain, placed in athermal solvent (see "Methods" section). Beads of the chain can form reversible pairwise bonds, which induce the collapse. Varying the number of formed reversible bonds, we observed different states of the chain: swollen state with small number of formed reversible bonds, Gaussian chain, globular state with Gaussian statistics and a long-living nonequilibrium state, formed by large number of bonds and similar to metastable crumpled-globule with P (s) ∝ s −1 . We studied dynamic behavior of the system and showed, that transition from fractal globule dynamics to much faster anomalous subdiffusion occurred on a long timescale in the aforementioned non-equilibrium state. In our work we also compared our results with experimental data for different species and cell types, and propose a novel approach for description of large-scale chromatin structure.
METHODS
We used dissipative particle dynamics (DPD) method to perform simulations. DPD is a mesoscale molecular dynamics with explicit solvent and soft potential for the conservative force. We do not describe this method in detail, more information about DPD can be found in Ref. [19] . We studied a homopolymer chain (length N = 1000 beads) in athermal solvent (which corresponds to zero Flory-Huggins parameter, χ, or, equivalently, selfavoiding walk (SAW) in 3D space). Volume interaction coefficients were chosen to satisfy the criterion χ = 0, and to make chain non-phantom [20] . The simulation box with impermeable boundaries was chosen to be a cube 18 × 18 × 18 DPD units, so the polymer concentration was n ≈ 0.06 (DPD density ρ = 3 particles per unit volume). Pairwise reversible bonds can be formed with certain probability between any non-neighboring beads, which are spatially closer, than cutoff radius, R c = 1. We define N stp as the number of DPD steps between calculation of formation/breaking of bonds, and it was equal to 200 steps in our simulations. The probability of breaking a bond β was set constant β = 0.004 for all simulations. The average lifetime of a bond is defined as the ratio N stp /β. Therefore, the average bond lifetime was equal to 50000 DPD steps. The only variable parameter was the probability of bond formation. This parameter sets the time-averaged number of bonds formed inside the chain. We denote fraction of beads, which formed reversible bonds, as f , and further name this quantity as "fraction of bonds" for simplicity. We studied dynamics of the system by the time dependency of mean-squared displacement, M SD(t). We distracted MSD of the center of mass from the M SD(t) of the chain to study the details of dynamics inside the structure (detailed information in Supplementary).
To set the simulation time, we estimated Rouse reptation time in good solvent for the whole chain τ R and for a subchain, lying between the boundaries τ Rs . For Rouse model, M SD(t) ∝ t 2/(2+d F ) , where d F is the fractal dimension of the chain [9] . For chain in athermal solvent d F ≈ 5/3, therefore, M SD(t) ∝ t 6/11 and the Rouse reptation time of the chain in good solvent is τ R = τ 0 N 2.2 . From M SD(t) measurements we obtained τ 0 ≈ 700 -number of DPD time steps, sufficient for a bead reptation on its size (bead size was estimated from R(s) dependency as R(1) ≈ 0.6). Hence, we have τ R ≈ 2.8 * 10
9 DPD steps and τ Rs ≈ 1.8 * 10
8 DPD steps. Number of simulation steps was set to 1.5 * 10 8 DPD steps. This value was chosen to be much larger than the average bond lifetime and of the same order of magnitude as τ Rs . Initial conformation, from which the simulations started, was generated as a confined random walk inside the impermeable simulation box. Therefore, the initial structure was close to the equilibrium state of a confined chain in good solvent. Hence, by choosing the almost equilibrated initial conformation and sufficient simulation time, we avoided unnecessary effects of the initial conformation on the studied final state (Supplementary Fig. S5 ). After evolution of the system during 1.5 * 10 8 DPD steps, we performed simulations for 0.5 * 10 8 DPD steps to calculate P (s), R(s) and M SD(t). Each dependency was averaged over a period of time equal to 1000 bond lifetimes. This choice ensures, that every bead in the chain with length N = 1000 was able to form a bond with N −1 other beads in the chain.
We performed simulations of a longer confined chain N = 20000 ( Supplementary Fig. S9 ) as well to analyze the role of chain length and subchain overlapping (details in Supplementary). Simulation box size was set to 52 × 52 × 52 to keep the polymer concentration n ≈ 0.06 as for the chain length N = 1000. The other parameters: solvent quality, simulation time, ρ, R c , N stp and β were set as for the chain length 1000.
Additionally, we performed simulations of the free (non-confined) chain (N = 1000) to obtain information about the effect of impermeable boundaries on the formed states. Periodic boundary conditions were applied and adjusted to make P (s) of the free chain without reversible bonds (f = 0) close to the theoretical prediction P (s) ∝ s 1.93 : simulation box size was set to 38 × 38 × 38 ( Supplementary Fig. S10 ). Solvent quality, simulation time, ρ, R c , N stp and β was set as for the confined chain.
We also compare the collapse of a chain, induced by reversible bonds formation, with coil-globule transition in the confined chain length N = 1000, caused by the change of solvent quality (Supplementary Fig.  S6 ). Flory-Huggins parameter was calculated from DPD coefficients according to the Ref. [19] . In particular, we calculated P (s), R(s) (average spatial distance between beads, separated by s beads along the chain) and M SD(t) dependencies, as well as analyzed time evolution of contact domains in the globule in poor solvent (χ ≈ 1.4), which radius of gyration equals to the radius of gyration of the chain with high fraction of bonds (f = 0.97) to compare the characteristics of the two compact states.
RESULTS

FIG. 1: R(s) dependencies. Snapshots of swollen and
compact states are included.
First we discuss the swollen chain state. Swollen chain in the impermeable box breaks into linearly uncorrelated subchains, lying between the boundaries. The concentration chosen in the simulation ensures (details in Supplementary) , that dilute solution of overlapping subchains was formed. For simplicity we will further apply formalism, applicable for semi-dilute solutions, although the concentration in the system is only slightly higher, than the overlap concentration (see Supplementary for the discussion of the effect of subchain overlapping strength). There are three characteristic scales in the swollen state ( [21] . Numerical values are calculated for confined chain length N = 1000. Note that for finite systems there are no well-defined boundaries between the scales, but there is a smooth transition ( Fig. 1, Supplementary Fig. S10 and S9). The behavior of contact probability P (s) in the swollen state is also well defined: P (s) ∝ s −2 inside a concentration blob, P (s) ∝ s −1.5 on the scale of the confinement size, and P (s) reaches plateau on the scale, larger than confinement size (Fig. 2, Supplementary Fig. S10 and S9 ). Swollen chain in our simulation has well predicted dynamics, which is close to the Rouse chain behavior in good solvent M SD(t) ∝ t 6/11 (see "Methods" section). On the longer time-scale M SD(t) reaches plateau on the spatial scale of the box size (Fig. 4 , Supplementary Fig. S9 ). P (s), corresponding to small f (swollen chain state), was observed in human embryonic stem cell line H1-hESC [7] . Constrained chromatin motion was observed in yeast [22] and Drosophila [23] .
If we increase the fraction of bonds f , coil-globule transition occurs at f ≈ 0.3 (see Supplementary Fig.  S6 ). Chain with this fraction of bonds remains effectively Gaussian, and can be described by equilibrium dependencies for ideal chains P (s) ∝ s −1.5 and R(s) ∝ s 0.5 (Fig. 2, Supplementary Fig. S10, 9 , f = 0.3 case). Chain with f ≈ 0.3 has Rouse chain dynamics due to the small enough length of the chain and weakness of entanglement effects, M SD(t) ∝ t 0.5 (Fig. 4, Supplementary Fig. 10 , 9, f = 0.3 case). After increase of the fraction of bonds up to f ≈ 0.5 chain forms a Gaussian globule state, as shown in P (s) dependency for the free chain (Supplementary Fig. S10 ). The aforementioned Gaussian chain P (s) dependency remains on the scale, less than the Gaussian subchain length in the globule s ∝ N 2/3 ≈ 100 for chain length N = 1000. Interestingly, dynamics, observed in yeast, is close to the Rouse dynamics [24] . P (s) and R(s) on 0.1 -1 Mbp scale in yeast have Gaussian behavior [6] . Similar R(s) scaling was observed in murine chromatin [25] .
If the fraction of bonds f ≈ 0.6 and higher is formed, the chain transfers into a kinetically "frozen" state, which is out of equilibrium and similar to the fractal globule [1] . This statement is confirmed by P (s) ∝ s −1 and R(s) ∝ s 1/3 dependencies characteristic of the fractal globule (Fig. 2, 1, Supplementary Fig. S10 and S9). Analysis of contact maps (Fig. 3) , comparison with globule in poor solvent, as well as visual inspection of conformations confirm this statement as well. However, the observed state is not strictly equivalent to the idealized fractal globule, which is characterized by P (s) ∝ s −1 and R(s) ∝ s 1/3 on all length scales. On small length scales chain tends to form more elongated structures, than in true fractal globule. This leads to more steep P (s) and R(s) dependency for small lengths s (Fig. 1, 2 , Supplementary Fig. S10 and S9) . Moreover, chain with high fraction of bonds tends to form maximally compact state with linear size ∝ N 1/3 due to the surface tension, as in equilibrium globule. Therefore, due to more sparse conformations on small scale and the finite chain size, in the observed state self-similar fractal structure is formed not on all length scales, but within "fractal domains" on length scale less than the maximally compact globule size s < N 2/3 ≈ 100. On larger scale s the domains become partially mixed, which results in plateau in P (s), R(s) and M SD(t) dependencies. The similar state, crumpled globule [15] , forms during coil-globule transition in poor solvent [16] . However, crumpled structure exists much longer in case of the state, formed during collapse by reversible bonds, than the crumpled globule, formed in poor solvent. In the latter state crumples quickly merge into a single globule, which then reaches equilibrium. In our simulations the "crumpled" structure does not disappear after equilibration during 1.5 * 10 8 DPD steps (3000 average bond lifetimes). In comparison, it was shown [16] , that globule with N = 10000 reaches equilibrium dependency R(s) for s up to 200 beads in 2 * 10 6 DPD steps, which is at least 100 times faster, than for the state with high fraction of formed reversible bonds. We suppose, that the self-similar fractal structure does not disappear so long due to "caging" of beads: after breaking of bond free beads are constrained in the "crumple" and mostly can form bonds only with the surrounding beads inside the "crumple". Therefore, the structure remains long-living.
Naturally, fractal domains are also regions of high contact frequency. To analyze the structure of the chain with high fraction of bonds in detail, we used Armatus software [26] to analyze contact maps (details of contact maps generation in Supplementary Fig. S8 ) and determined the borders of the contact domains. This analysis shows how borders of domains change with time for the chain with f = 0.97 and for the globule in poor solvent, equilibrated during 1.5 * 10 8 DPD time steps, chosen as a reference structure (see Fig. 3 ). It is clear, that domain borders remain unperturbed much longer in the latter case, than in the globule in poor solvent. In the latter state the domains start to change their location along the chain on the time-scale, approximately two orders of magnitude shorter, than in the chain with f = 0.97. This shows the absence of long-living crumpled structure in equilibrated globule, as expected. On the other side, large and long-living (compared to the globule in poor solvent) contact domains exist in the chain with high fraction of bonds (f = 0.97). We also point out highly non-homogeneous sizes of domains in the chain with f = 0.97. We used the parameter γ = 0. The same analysis for 4 more structures with f = 0.97, simulated from different initial conformations, is given in Supplementary Fig. S8 , to demonstrate the persistence of the "crumpling" effect.
Self-similar structure of the fractal domains is stabilized by saturating bonds and not by topological constraints [27] , so it leads to several non-trivial effects. First, it is the deviation of the system dynamics from the fractal globule dynamics [9] (Fig. 4, Supplementary  Fig. S10 and S9) . Second, large number of bonds leads to formation of the self-similar structure even on the length scale s ≈ 10 ( Fig. 2, 1, Supplementary Fig. S10 and S9) . In contrast to the unknotted globule, in which self-similar fractal structure forms due to the effect of topological constraints on the scale, several times larger, than the entanglement length [27] . We note, that the aforementioned P (s) ∝ s −1 behavior is observed in mammals and Drosophila ( Supplementary Fig. S11 ) [3, 7] . Also in the work [2] the transition from R(s) ∝ s 0.33 to R(s) ∝ s 0.2 was observed on the ≈ 7M bp scale (Fig. 1) . Similar R(s) scaling was observed in human male fibroblast cells [28] .
As it was mentioned above, the non-equilibrium state, formed by reversible bonds, has a specific dynamic behavior (Fig. 4, Supplementary Fig. S10 and S9 ). We observe ballistic regime, universal for all chains, in the shortest time-scale. On the larger scale, we observe motion of beads inside the fractal domains. Therefore, for f = 0.97 case, the dynamics is similar to the fractal globule dynamics with M SD ∝ t 0.4 [9] (Fig. 4 , Supplementary Fig. S10 and S9) . As time increases, we start to observe motion of long-living fractal domains. Therefore, on this time-scale, beads participate in collective motion as a part of a domain. Due to the relatively large sizes of domains and correlated motion of beads inside the domains, we observe rapid subdiffusion with M SD ∝ t 0.8 , in contrast to the Rouse dynamics of swollen states and the globule in poor solvent (Fig. 4,  Supplementary Fig. S10 and S9) . Note, that the observed subdiffusion is slower, than Brownian motion, because during the average lifetime of a domain, its motion is constrained due to the presence of bonds between the domains and the chain structure of the polymer. Interestingly, M SD(t) error sufficiently increases in this regime, indicating highly non-homogeneous motion. The existence of domains in the time-scale of the fast subdiffusion is confirmed by contact maps analysis (Fig. 3,  Supplementary Fig. S8 ). Structure with domains resembles the pearl-like state, observed during collapse by irreversible bonds formation [29] . This motion structure differs from the fractal globule, induced by topological constraints, where much slower anomalous subdiffusion is observed with M SD ∝ t 0.4 on a long time-scale [9] . We note, that previously unexplained transition from fractal globule subdiffusion with M SD ∝ t 0.4 to much faster anomalous subdiffusion on a relatively long time-scale was observed in mammals [11] [12] [13] .
FIG. 4: M SD(t) dependencies.
DISCUSSION
Due to variability of experimental P (s), R(s) and M SD(t) dependencies in different organisms, the problem of existence of a model, which can describe largescale structure of chromatin in different species, and has small number of variable parameters, was unsolved. In this work, we showed, that, depending on the fraction of pairwise reversible bonds formed, a long homopolymer in athermal solvent forms either swollen or ideal, or globular, or non-equilibrium long-living state, similar to crumpled globule. We have discovered transition from fractal globule subdiffusion to much faster anomalous subdiffusion in the latter state. P (s) and R(s) scaling, as well as anomalous subdiffusion exponents in the non-equilibrium state are independent of confinement and chain length, and exist in a rather broad range of fraction of bonds (Fig. 1, 2, 4, Supplementary Fig. S10 and S9) . However, details of dynamics in this state remain obscure. Detailed description of processes, observed in the non-equilibrium frozen state, is the matter of future research. We compared our results with experimental data on loci dynamics in chromatin for mammals [11] [12] [13] , yeast [22, 24] and Drosophila [23] . We also found, that our results agree well with FISH [30, 31] experimental results [2, 25, 28] . We found, that static and dynamic properties of different states of the chain are in good agreement with experimental data for chromatin in different species and cell types.
As we mentioned in Introduction, the structure of a single TAD is successfully described by different models. Moreover, P (s) scaling inside TADs is radically different, than P (s) on larger scale [4, 32] . We propose a novel model for large-scale chromatin organization, choosing TAD as a basic interacting unit. We describe chromatin as a coarse-grained flexible homopolymer chain in athermal solvent. One bead in our model chain roughly represents a single TAD. The reversible bonds are treated as relatively long-living inter-TAD contacts (we consider them as pairwise interactions and neglect triple and more complex inter-TAD contacts). There are several biological mechanisms underlying this interactions, for example non-acetylated histone H3 tail forming a complex with acidic region on histone H2 [33] , or interactions through insulator proteins, such as cohesin [8, 34] . We emphasize the reversible pairwise nature of the aforementioned interactions, so we introduce this type of bonds in our model. By changing the number of pairwise reversible inter-TAD contacts, the model reproduces different states of chromatin with different static and dynamic properties. P (s), R(s) and M SD(t) dependencies obtained for these states are observed experimentally on large scales in chromatin for different species. Each of the states exists in a rather wide range of the fraction of bonds, therefore, the model is resistant to fluctuations of parameters. We can also change the size of the plateau in R(s), P (s) and M SD(t) by adjusting the chain length and the impermeable box size.
Interesting, that pairwise reversible interactions can not cause phase transition in gas, however, in polymer chains this type of interactions leads to the first-order coil-globule phase transition [35] . In general, pairwise reversible interactions are abundant in living systems: sulfide bridges and hydrogen bonds play important role in protein folding and DNA double-stranded structure formation. There are a lot of mechanisms of pairwise reversible interaction in chromatin as well, depending on the type of chromatin [18] .
We can not reproduce ensemble-averaged Hi-C maps due to the homopolymer nature of the model, because we neglected the difference between interactions of different types of chromatin [18] . Moreover, rather simple confinement conditions in our model can not reproduce effects, connected with sophisticated lamina structure, for example, tethering of a chromosome at specific cites [36] . Development of the heteropolymer model with pairwise reversible bonds of different types, which can lead to a microphase separation and active and inactive chromatin compartments formation, as observed in species with long genome [2, 4, 37] , as well as reproduce effects, connected with lamina structure, is the matter of future research.
SUPPLEMENTARY MATERIALS
Calculation of P (s), R(s) and M SD(t)
To calculate P (s) we counted N i -the number of beads, which have less distance to the i-th bead, than cutoff radius = 1.5, and then averaged N i over all measurements:
Here, 15 * 10 7 is the simulation time, measured in DPD steps. We time-averaged the P (s) dependency during 1000 average bond existence times, 5 * 10 7 DPD steps (see "Methods" section).
In R(s) we calculated average spatial distance between beads, separated by s beads along the chain. Averaging over all measurements was performed as for the P (s) dependency:
We calculated M SD(t) as follows: we distracted displacement of the center of mass of the chain (COM) from displacement of a bead, and then averaged this displacement over all measurements:
Effect of subchain overlapping
Let us roughly represent the chain in good solvent in a simulation box with impermeable boundaries as a self-avoiding walk in 3D space (first we neglect the effects, connected with screening of volume interactions). In this approximation length of a subchain, lying between boundaries, is given as N subchain ≈ ( subchain ≈ 0.05. As we discussed in "Methods" section, the polymer concentration was set to n ≈ 0.06. Therefore, n is of the order of the overlap concentration n ≈ 0.06 = O(c * ) in this approximation. However, we neglected effects, connected with volume interactions screening. It is known, that screening effect is maximal for systems with small polymer concentration, if chains strongly overlap. This occurs in the socalled semi-dilute solution state. In this state, subchain length is of the order (
3 n -volume fraction of a polymer. Hence, we estimated the overlap concentration c * in two extreme cases -without any screening of volume interactions and with strong screening in semi-dilute solution, and obtained similar results. Hence, subchains, lying between the boundaries of the impermeable simulation box, do overlap, but semi-dilute solution state is not reached, because the condition for semi-dilute solution formation c * << n << 1 is not satisfied. For the confined chain length N = 20000, the condition for semi-dilute solution state formation c * << n << 1 is, of course, satisfied due to the much larger subchain length. However, dynamic and static behavior (Fig. 9 ) is analogous to those characteristics for the chain length N = 1000. Moreover, simulations of the free chain show (Fig. 10) , static and dynamic scalings for different f are similar to the confined chains, except the plateau presence in swollen states. Hence, we can conclude, that overlapping regime does not affect strongly the formation of states, discussed in the paper. 8 DPD steps in athermal solvent without reversible bonds formation. We show, that no significant difference between dependencies is observed for the chains with f = 0.97. Therefore, there is no effect of initial conformation on resulting states for any fraction of bonds f . a) 
